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Near-infrared Raman spectroscopyThe light-harvesting 1 reaction center (LH1-RC) complex from Thermochromatium (Tch.) tepidum exhibits un-
usual Qy absorption by LH1 bacteriochlorophyll-a (BChl-a) molecules at 915 nm, and the transition energy is
ﬁnely modulated by the binding of metal cations to the LH1 polypeptides. Here, we demonstrate the metal-
dependent interactions between BChl-a and the polypeptides within the intact LH1-RC complexes by near-
infrared Raman spectroscopy. The wild-type LH1-RC (B915) exhibited Raman bands for the C3-acetyl and
C13-keto C_O stretching modes at 1637 and 1675 cm−1, respectively. The corresponding bands appeared at
1643 and 1673 cm−1 when Ca2+ was biosynthetically replaced with Sr2+ (B888) or at 1647 and 1669 cm−1
in the mesophilic counterpart, Allochromatium vinosum. These results indicate the signiﬁcant difference in
the BChl–polypeptide interactions between B915 and B888 and between B915 and the mesophilic counterpart.
The removal of the original metal cations from B915 and B888 resulted in marked band shifts of the C3-acetyl/
C13-carbonyl νC_Omodes to ~1645/~1670 cm−1, supporting a model in which the metal cations are involved
in the ﬁne-tuning of the hydrogen bonding between the BChl-a and LH1-polypeptides. Interestingly, the inter-
action modes were almost identical between the Ca2+-depleted B915 and Sr2+-depleted B888 and between
B915 and Ca2+-substituted B888, despite the signiﬁcant differences in their LH1 Qy peak positions and the
denaturing temperatures, as revealed by differential scanning calorimetry. These results suggest that not
only the BChl–polypeptide interactions but some structural origin may be involved in the unusual Qy red-
shift and the enhanced thermal stability of the LH1-RC complexes from Tch. tepidum.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Light-harvesting (LH1 and LH2) complexes in purple photosyn-
thetic bacteria transfer light energy into a reaction center (RC) to initi-
ate the charge separation necessary for the subsequent photosynthetic
redox events [1]. Crystallographic [2] and microscopic [3–8] studies
have demonstrated that one RC is surrounded by either an open or
closed LH1 ring to form a core complex (LH1-RC). However, thearvesting; RC, reaction center;
H1-RC complex puriﬁed from
88, LH1-RC complex puriﬁed
placed with Sr2+; B870, Sr2+-
odecylphosphocholine; OG, n-
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l rights reserved.diffraction data have been limited to moderate resolutions, and there-
fore, details of the interaction mode between RC and LH1 complexes
are not fully understood.
The LH1 complex typically exhibits Qy absorption at approxi-
mately 880 nm, and is thought to be an oligomer of pairs of α- and
β-polypeptide, each of which binds a BChl-a molecule at the con-
served His residue [1]. Interestingly, three species of purple bacteria
containing only BChl-a have been reported to exhibit a marked red-
shift of the LH1 Qy band to the wavelength longer than 900 nm. The
purple nonsulfur bacterium, Roseospirillum (Rss.) parvum 930I, has
an LH1 Qy maximum at 909 nm [9]. Based on the primary sequence
of LH1 polypeptides and 3D structural modeling, it was proposed
that the spectral property of the LH1 complex was modulated by
the interaction between BChl-a macrocycle and the thiol groups of
α-Cys+3/β-Cys−4, which are rarely present in LH1 complexes from
other purple bacteria. In addition, the most red-shifted Qy transition
of the LH1 complex was reported for strain 970 [10]. A possible expla-
nation is that enhanced exciton coupling among the BChl-amolecules
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responsible. Recently, the primary sequence of strain 970 has been
determined [11]. The highly unusual Qy absorption property was sug-
gested to involve a modulating effect by the α-His+11 residue, which
is unique to this bacterium.
Apart from the above mesophilic species, Thermochromatium
(Tch.) tepidum is a purple sulfur bacterium that grows at the highest
temperature (up to 58 °C) among purple bacteria [12,13] and exhibits
the red-shifted LH1 Qy band at 915 nm (B915) [14]. Based on the
primary sequence and the crystallographic structure, the electro-
static interactions between the C-terminal acidic residues and in
the LH1 and the basic residues typiﬁed in the RC were suggested
to be responsible for the unusual spectroscopic and thermodynamic
properties of Tch. tepidum [15–17]. Recently, we demonstrated that
Ca2+ ions are involved in unique properties of the LH1-RC com-
plexes from Tch. tepidum [18,19]. However, the details of the
structural and functional roles of Ca2+ in LH1 pigment–protein
interactions are largely unknown.
It has been proposed that the LH Qy positions are closely related
to the hydrogen-bonding strength between the carbonyl groups of
BChl-a molecules and the speciﬁc residues of the LH polypeptides.
In LH2 complexes, a site-directed mutagenesis study of Rhodobacter
(Rba.) sphaeroides revealed that modiﬁcations of α-Tyr44 to Phe and
α-Tyr45 to Leu induced a signiﬁcant blue-shift of the Qy absorption
from 850 to 826 nm through the hydrogen-bonding interactions
[20]. A near-infrared (NIR) (pre)resonance Raman study for geneti-
cally modiﬁed LH2 complexes from Rba. sphaeroides suggested that
the Qy blue-shift was caused by the breakage of two hydrogen
bonds of the C3-acetyl groups to the α-Tyr44 and α-Tyr45 residues
and/or the strengthening of hydrogen bonds of the C131-keto group
to some residues with hydroxyl groups [21,22]. The loss of hydro-
gen bonds for the C3-acetyl groups with α-Tyr44 and α-Trp45 was
also indicated for natural LH2 variants of Rhodoblastus (Rbl.) aci-
dophilus and Rhodopseudomonas (Rps.) cryptolactis [22]; however,
the interactions of the C13-keto groups with the LH2 polypeptides
were not evident [23]. Based on the crystallographic structure of
the LH2 variant, the Qy blue-shift was suggested to be caused by
the formation of unexpected hydrogen bonds along with the rota-
tion of the C3-acetyl group, rather than the loss of the typical hy-
drogen bonds [24].
In LH1 complexes, the hydrogen-bonding partners of C3-acetyl
C_O of the BChl-amolecules are believed to be the highly conserved
α-Tyr43 and β-Tyr48 residues at the C-terminal region of LH1 poly-
peptides [25–27]. Site-directed mutagenesis studies of Rba. sphaer-
oides strongly indicated that the Qy band shifts may be due to
changes in hydrogen-bondings between the C3-acetyl C_O groups
and LH1 polypeptides [27,28] and/or to structural alterations includ-
ing the rotation of the C3-acetyl group [29]. In contrast, little is
known regarding the hydrogen-bonding partner of the C13-keto
groups of BChl-a molecules [30]. Although NIR Raman spectroscopy
provides valuable information on the BChl–protein interaction
modes in the LH complex, the previous studies were focused on
Rba. sphaeroides, of which key residues related to the hydrogen-
bonding interactions were selectively mutated, and in some cases,
these mutants might involve indirect effects induced by the genetic
modiﬁcations [21,29]. In this regard, metal substitution is a useful
method for monitoring structural and conformational changes of
metalloprotein complexes with minimal perturbation. Among purple
bacteria, only Tch. tepidum exhibits signiﬁcant changes in the LH1
properties depending on Ca2+ [18,19]. When Ca2+ was depleted
from the wild-type LH1-RC exhibiting the Qy peak at 915 nm
(B915), the Qy band was blue-shifted to 880 nm (B880) with marked
deterioration in the thermal stability. The putative Ca2+-binding site
was suggested to be a cluster of acidic residues at the C-terminal re-
gion of the LH1 α-polypeptides based on the topological analysis
using chromatophores of Tch. tepidum and metal chelators [32].Recently, we reported a spectroscopic variant of the LH1-RC complex
from Tch. tepidum, in which Ca2+ ions were biosynthetically replaced
with Sr2+ ions [33]. The puriﬁed LH1-RC exhibited a Qy maximum at
888 nm (B888), blue-shifted by 27 nm from that of wild-type
B915 nm. The effects of metal substitution on the properties of the
LH1-RC complexes are similar between B915 and B888; however,
distinctive differences in the Qy positions and thermal stability were
detected [33].
In the present study, the effects of metal cations on the interac-
tions between BChl-a molecules and polypeptides within the LH1
complex were examined in the intact B915 and B888 species by NIR
Raman spectroscopy. The wild-type C3-acetyl C_O and C13-keto
C_O stretching bands of BChl-a molecules appeared at 1637 and
1675 cm−1, respectively, which were signiﬁcantly different from
those in B888 or the LH1-RC complexes from Allochromatium (Alc.)
vinosum, the mesophilic counterpart. The depletion of the original
metal cations and their subsequent replacement by other cations in
the B915 or B888 species induced characteristic changes in the C3-
acetyl/C13-keto νC_O bands depending on the cation species.
These ﬁndings and differential scanning calorimetry (DSC) data sug-
gest that hydrogen-bonding interactions and some structural origin
are responsible for the unusual LH1 Qy absorption and the enhanced
thermal stability of the LH1-RC complex from Tch. tepidum.
2. Materials and methods
2.1. Preparation of LH1-RC samples
The puriﬁcation of LH1-RC complexes from Tch. tepidum was con-
ducted as described previously [18,33]. Brieﬂy, wild-type and Sr2+-
substituted Tch. tepidum cells were anaerobically cultivated at 50 °C
under an incandescent lamp for 7–10 days. The harvested cells were
disrupted by sonication (Sonopuls HD3200, Bandelin) and ultracen-
trifuged (himac CP100WX, Hitachi) to obtain the chromatophores.
The pellet was ﬁrst treated with 0.35% (w/v) lauryldimethylamine
N-oxide to remove a large portion of LH2 complexes. After the ultra-
centrifugation, the pellets were further treated with 1.0% (w/v) octyl-
β-D-glucoside (OG, Anatrace) to extract the LH1-RC components. The
crude LH1-RC was loaded onto a DEAE anion-exchange column
(Toyopearl 650S, TOSOH) equilibrated at 4 °C with 20 mM Tris–HCl
buffer (pH 7.5) containing 0.08% (w/v) dodecylphosphocoline
(DDPC, Anatrace). The B915 or B888 components were eluted with
a linear gradient of CaCl2 or SrCl2 from 10 mM to 25 mM, and the
fractions with AQy/A280 ratios greater than 2.0 and 1.7 for B915
and B888, respectively, were collected.
Biochemical metal substitution of the LH1-RC complexes was per-
formed according to the procedure reported previously [33], with
slight modiﬁcations. The puriﬁed LH1-RC complexes were desalted
using a size-exclusion column (Econopack 10DG, Bio-Rad) and incu-
bated at 0 °C for 60 min in the dark in the presence of 2 mM ethylene-
diamine tetraacetic acid (EDTA). The sample solution was extensively
washed with a buffer containing 20 mM Tris–HCl (pH 7.5) and 0.08%
DDPC using Amicon Ultra 30 K (Millipore) to remove the residual
EDTA. The resulting metal-depleted LH1-RC complexes were incu-
bated at 0 °C for 24 h in the dark in the presence of the indicated
metal cations to obtain the metal-substituted complexes.
The puriﬁcation of LH1-RC complexes for Alc. vinosum was con-
ducted according the same procedure with that for Tch. tepidum.
The harvested cells were disrupted by sonication, followed by ultra-
centrifugation at 195,000×g for 60 min. The resulting chromato-
phores were ﬁrst treated with 0.35% (w/v) lauryldimethylamine
N-oxide at 25 °C for 60 min to remove a large portion of LH2 com-
plexes and ultracentrifuged at 195,000×g for 60 min. Then, the pel-
let was treated with 1.0% (w/v) OG to extract the LH1-RC components.
After ultracentrifugation at 195,000×g for 60 min, the supernatant was
loaded onto a DEAE anion-exchange column equilibrated at 4 °C with
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LH1-RC components were eluted with a linear gradient of NaCl
from 100 to 200 mM, and the fractions with A884/A280 ratios greater
than 2.0 were collected.2.2. Spectroscopic measurements
NIR Raman spectra were recorded using a LabRAM HR800 Raman
microscope (HORIBA JobinYvon). Excitation was provided from the
fundamental of a diode-pumped Nd3+:YAG laser (CL-2000, CrystaLa-
ser). The freshly prepared LH1-RC complex from Tch. tepidum or Alc.
vinosum was deposited into a stainless cup for each measurement.
The excitation beam was focused onto sample solutions using an
objective lens (50×), and the laser intensity at the sample surface
was adjusted as low as possible (7.5 to 15 mW). Furthermore, the
measurements were conducted using the DuoScan mode, which en-
ables fast and uniform scanning over a small area instead of a point,
and this alleviates the damage to the sample by the laser irradia-
tion. Under these conditions, neither a decrease in the Raman
band intensity nor an increase of the baseline due to sample degra-
dation was detected during the measurement. The backscattering
from the sample was collected at 25 °C with a liquid N2-cooled
InGaAs detector (Symphony, HORIBA JobinYvon) to improve the
signal-to-noise ratio. Each sample concentration was adjusted to
an OD of 150–200 at the peak wavelength of the Qy absorption.2.3. Differential scanning calorimetry
DSC measurements were conducted using a nanoDSC II calorime-
ter (Model 6100, Calorimetry Science Co.) at a heating rate of 1.0 °C/
min as described previously [19,33]. The sample concentration was
adjusted to an OD of ~40 at Qy maximum using Amicon Ultra 30 K
in buffer A with no addition for Sr2+-depleted B888 (B870) or with
addition of 20 mM CaCl2 for Ca2+-substituted B888 (B908). Each ﬁl-
trate was used as the reference buffer for the DSC measurement.Fig. 1. NIR Raman spectra of LH1-RC complexes from Alc. vinosum (a, black), B915 (b, blue),
for BChl-a and carotenoid molecules are indicated as R1–R6 and Car, respectively, in parenth3. Results
Fig. 1 shows the NIR Raman spectra of the LH1-RC complex from
Alc. vinosum (spectrum a), and from Tch. tepidum giving B915 (spec-
trum b) or B888 (spectrum c). The Alc. vinosum LH1-RC complex
exhibited typical Raman bands at 1610 (R1), 1544 (R2), 1444 (R3),
1173 (R4), 1149 (R5) and 1021 (R6)cm−1, which were previously
assigned to the marker bands sensitive to conformational changes of
bacteriochlorin [34,35]. The small band at 1647 or 1669 cm−1 can
be ascribed to the C_O stretching mode of the C3-acetyl or the
C13-keto groups of the BChl-a molecules (Fig. S1), which interact
with the LH1 polypeptides [26,27]. In addition, three intensive
bands appeared at 1509, 1149, and 1021 cm−1, including a large con-
tribution from carotenoid molecules and in part overlapping with
BChl-a bands [35]. The effects of metal cations on the C3-acetyl/
C13-keto νC_O stretching modes were negligible in the Alc. vinosum
LH1-RC complex (Table 1 and Fig. S2).
The characteristic Raman bands were present in the B915 and
B888 species from Tch. tepidum; however, signiﬁcant differences
were observed, particularly in the 1700 to 1610 cm−1 region, as
clearly shown in the inset ﬁgure. The B915 species exhibited high-
frequency bands at 1637 and 1675 cm−1, which were red-shifted
by 10 cm−1 and blue-shifted by 6 cm−1, respectively, from the corre-
sponding band positions of the Alc. vinosum LH1-RC complex. In the
previous study [31], the Raman bands of B915 were reported to be
1641 and 1671 cm−1, which were blue- and red-shifted, respectively,
by 4 cm−1 from the present band positions. The difference is proba-
bly due to the damage to the B915 samples used in the previous
study because similar band shifts were conﬁrmed in the present
study when the LH1-RC complexes were partially deteriorated (data
not shown). Therefore, the present results indicate that the LH1 poly-
peptides of Tch. tepidum associate with the BChl-amolecules through
the hydrogen bonds more strongly at the C3-acetyl group and more
weakly at the C13-keto groups as compared with Alc. vinosum LH1
complexes. In the B888 species, the C3-acetyl and C13-keto C_O
bands appeared with reduced intensities at 1643 and 1673 cm−1,
which were blue-shifted by 6 cm−1 and slightly red-shifted byand B888 (c, magenta) obtained by excitation at 1064 nm. Typical Raman marker bands
eses. The inset shows an expanded view of the spectra in the 1700–1610 cm−1 region.
Table 1
The LH1 Qy peaks and positions of the C_O stretching bands of the LH1-RC complexes
from Tch. tepidum and Alc. vinosum in the presence or absence of metal cations.
Species Sample Substituted
metal cations
Qy maximum
(nm)
C3-acetyl
νCO (cm−1)
C13-keto
νCO (cm−1)
Tch. tepidum B915 Nativea 915 1637 1675
Ca-depleted
B915 (B880)
Ca2+ 914 1637 1675
Sr2+ 890 1644 1673
No addition 881 1645 1670
B888 Nativea 888 1643 1673
Sr-depleted
B888 (B870)
Ca2+ 908 1637 1675
Sr2+ 888 1643 1674
No addition 871 1644 1671
Alc. vinosum LH1-RC Nativeb 883 1647 1669
Ca2+ 885 1646 1669
Sr2+ 883 1646 1669
a These entries contain original metal cations and are not replaced with other cations.
b No addition of speciﬁc metal cations.
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The result strongly indicates that hydrogen-bonding interactions be-
tween the BChl-amolecules and the αβ-polypeptides were weakened
at C3-acetyl C_O and slightly strengthened at C13 C_O when Ca2+
was replaced with Sr2+ in vivo by the biosynthetic substitution.
Apart from carbonyl C_O stretching modes, several Raman
bands in the Alc. vinosum LH1-RC and B888 species were signiﬁcant-
ly altered in their peak positions and/or band intensities compared
with those in the B915 species. In the 1200 to 1100 cm−1 region,
the 1173 (R4), 1149 (R5) and 1117 cm−1 bands were apparently
modiﬁed in their relative intensities but retained their respective
peak positions, although the changes were not precisely evaluated
due to the large contribution from intensive carotenoid C\C
stretching bands. Several spectroscopic studies indicated that the
properties of carotenoid molecules were weakly inﬂuenced in con-
trast to BChl-a molecules, as revealed by ultraviolet (UV)–visible,
circular dichroism, Raman, and Stark spectroscopies [18,31,33,36].
Therefore, the spectral changes in this region appear to originate
from the BChl-a molecules. In addition, several bands in the 1450
to 1250 cm−1 region appeared at similar positions among different
species but slightly reduced the band intensities in Alc. vinosum and
B888 species. Most of these bands were assigned to the C\N andIn
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Fig. 2. (A) NIR Raman spectra of (a) Ca2+-depleted LH1-RC complexes (B880) from B915 a
spectra (dotted lines) are depicted for comparison. (B) An expanded view of the Raman spC\C stretching modes and/or C\H bending modes of the bacterio-
chlorin [34,37,38]. These results suggest that the changes in the
Raman band intensity of the LH1 BChl-a molecules are attributable
to the different pre-resonance conditions of these species, depend-
ing on the respective Qy transition energies.
To determine further details of the relationship between metal sub-
stitution and BChl-a conformation, the effects of biochemical metal
substitution were examined in the B915 and B888 species. Fig. 2A de-
picts the NIR Raman spectra of Ca2+-depleted B915 (B880) (spectrum
a) and metal-substituted B915 complexes prepared by the biochemical
replacement with Ca2+ (spectrum b) or Sr2+ (spectrum c) after com-
plete removal of Ca2+. Although the basic spectral features of metal-
substituted B915 complexes were similar to those of B915 species
(dotted lines), several bands were characteristically modiﬁed depend-
ing on the cation species, particularly in the 1700 to 1600 cm−1 region
(Fig. 2B). In the B880 species, the C3-acetyl and C13-keto C_O stretch-
ing modes appeared at 1645 and 1670 cm−1, which were blue-shifted
by 8 cm−1 and red-shifted by 5 cm−1, respectively, from the corre-
sponding frequencies for B915 species, along with a decrease in their
band intensities. This strongly indicates that hydrogen-bonding inter-
actions between the BChl-a and LH1 polypeptides were weakened in
the C3-acetyl group but were strengthened in the C13-keto groups
upon Ca2+ depletion. However, the present results are not compatible
with those previously reported for Ca2+-depleted B915 [31]. The
difference between the previous and present results may be attri-
buted to the effects of the detergents on protein stability under the
Ca2+-deﬁcient condition and/or the incomplete Ca2+ depletion of
the previous samples that exhibited a Qy maximum at 889 nm, red-
shifted by 8 nm compared with that of the present Ca2+-depleted
B915 [18,19,33].
The biochemical Sr2+ substitution (spectrum c) exhibited C3-
acetyl/C13-keto C_O stretching bands at 1644/1673 cm−1, which
were largely comparable to those in the B888 species but distinctive
from those in the B915 species in their peak position and band in-
tensity. Interestingly, Ca2+-reconstituted B915 exhibited these
bands at 1637/1675 cm−1, coinciding with those in the native B915
species. Additional differences induced by the Ca2+ depletion were
evident below 1600 cm−1. The typical bands at 1388, 1372, 1351,
1256, 1173, and 1117 cm−1 appeared with reduced intensities but
retained their respective peak positions. The modiﬁcations wereIn
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pletely reconciled by the Ca2+ substitution. These results strongly in-
dicate that changes in the conformation of BChl-a molecules and/or
BChl–protein interactions induced by Ca2+ depletion are fully recov-
ered by the reconstitution of Ca2+ but only partially recovered by re-
placement with Sr2+.
The effects of the biochemical metal substitution were exam-
ined in the B888 species. Fig. 3A shows the NIR Raman spectra of
Sr2+-depleted B888 (B870) (spectrum a) and metal-substituted
B888 complexes prepared by biochemical replacement with Ca2+
(spectrum b) or Sr2+ (spectrum c) after complete removal of Sr2+.
Although the basic spectral features of the metal-substituted B888
complexes were similar to that of B888 species (dotted lines), distinc-
tive differences were observed in the 1700 to 1600 cm−1 region
(Fig. 3B). In B870 species, the C13-keto and C3-acetyl C_O stretching
modes appeared at 1671 and 1644 cm−1, respectively. The former
band was slightly red-shifted by 2 cm−1 from the corresponding
frequency of the B888 species. In contrast, the latter was negligibly
shifted upon Sr2+ depletion, but the band intensity was signiﬁ-
cantly reduced. The modiﬁcation was almost completely reconciled
by supplementation with Sr2+. The most signiﬁcant change was in-
duced by Ca2+ substitution. The C13-keto/C3-acetyl νC_O bands of
the B888 species were shifted from 1673/1643 cm−1 to 1675/
1637 cm−1 with increases in their intensities upon the exchange
from Sr2+ to Ca2+. The marked changes in the BChl–protein inter-
actions may be responsible for the abnormal red-shift of the Qy
band to 908 nm, which is much longer than the natural wavelength
of the B888 species [33].
The effects of metal substitution on the C3-acetyl and C13-keto
C_O modes of LH1 BChl-a molecules are summarized in Table 1 to-
gether with their Qy peak wavelengths, which are highly sensitive
to metal depletion/substitution [18]. The C3-acetyl and C13-keto
C_O bands for Sr2+-reconstituted B888 or Ca2+-reconstituted
B915 were almost identical to those for the native B888 or B915 spe-
cies, indicating that the biochemical metal substitution is also use-
ful for monitoring the changes in the BChl–protein interactions
induced by metal replacement. It is intriguing to note that the peak
positions of the C3-acetyl and C13-keto C_O stretching bands were
largely compatible between the metal-depleted forms (B870 and
B880) or between Ca2+-bound forms (B908 and B915) despite thenotable differences in their Qy peak positions. Furthermore, the re-
covery rates of the Qy band and the C3-acetyl νC_O band after the
addition of Ca2+ to B870 were signiﬁcantly different (Fig. 4). It took
more than 30 min for the Qy absorbance to achieve a plateau level,
whereas the hydrogen-bonding interaction between the C3-acetyl
C_O group and the polypeptide was rapidly restored within
10 min. The slow recovery of the Qy band may correspond to some
D
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Fig. 5. DSC proﬁles of the Ca2+-bound forms (a) and the metal-depleted forms (b)
from the B888 (solid lines) and B915 (dotted lines) species obtained with a heating
rate of 1 °C/min in a buffer containing 20 mM Tris–HCl and 0.08% DDPC (pH 7.5). The
ﬁltrate from each sample solution was used as a reference. The DSC curves from
B915 species (19) are depicted for comparison.
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work. These results indicate that the Qy transition energy is modu-
lated not only by the hydrogen-bonding interactions between
BChl-a molecules and LH1 polypeptides but also by other factors
that may be responsible for the unusual absorption properties of
the LH1-RC complexes from Tch. tepidum.
Next, the differences between B870 and B880 or between B908
and B915 were analyzed by DSC. Fig. 5 shows the DSC curves of the
Ca2+-bound forms (B908 and B915) (curves a) and the metal-
depleted forms (B870 and B880) (curves b) from B888 (solid lines)
and B915 (dotted lines). The DSC bands of the metal-depleted forms
were much broader and less intensive compared with those of the
Ca2+-bound forms. Furthermore, the denaturing temperatures were
visibly different by 3.1–3.3 °C between the metal-depleted forms
(56.6 °C for B870 and 59.9 °C for B880) and between the Ca2+-
bound forms (71.9 °C for B908 and 75.0 °C for B915), clearly indicat-
ing that the protein stabilities of B870 and B908 are slightly but dis-
tinctly lower than those of B880 and B915, respectively. These
results support the idea that other factors besides the hydrogen-
bonding interactions of BChl-a molecules with the polypeptides are
involved in the differences in the protein stability between B870
and B880 or between B908 and B915.
4. Discussion
4.1. BChl–protein interactions in native LH1-RC complexes
The present NIR Raman study using intact LH1-RC complexes from
the wild-type and Sr2+-substituted Tch. tepidum or Alc. vinosum pro-
vides evidence that the BChl–protein interactions in the LH1 com-
plexes are signiﬁcantly different among these species. The most
notable differences were found in the C3-acetyl and C13-keto C_O
stretching bands. It has been proposed that the C3-acetyl groups of
the BChl-a dimer interact with the LH1 α-Trp+11 and β-Trp+9 resi-
dues based on site-directed mutagenesis studies of Rba. sphaeroides
[27]. These Trp residues are highly conserved in the primary sequence
of LH1 polypeptides among typical purple bacteria (Fig. S3) and are
thought to be involved in the hydrogen-bonding network that modu-
lates the Qy transition energy. Interestingly, the LH1 α-polypeptide of
Tch. tepidum includes a deletion at the +7 position, which wassuggested to be a possible origin of the unique properties of this
bacterium [18,19]. In fact, this deletion may modify the interaction
mode between the C3-acetyl group and putative Trp residues in a
different manner than those in other species. A recent study
revealed that a deletion at the same position in the LH1 α-
polypeptide is also present in the primary structures of other Chro-
matiaceae species, strain 970 and Thiorhodovibrio winogradskyi [11].
The former exhibited the most red-shifted Qy absorption of BChl-a
molecules at 963 nm among purple bacteria, whereas the latter
exhibited the Qy peak at 867 nm, which is blue-shifted rather than
those of typical purple bacteria. In addition, Rss. parvum 930I, an-
other species that exhibits an unusual Qy red-shift, does not include
the deletion [9]. Therefore, the presence of the deletion alone is in-
sufﬁcient to explain the abnormal properties of the Qy transition in
Tch. tepidum, strain 970 and Rss. parvum 930I.
The LH1 β-Trp−8 residue, which is unique for Tch. tepidum, was
proposed to exist in the proximity of BChl-a molecules based on
3D structural modeling, and the Trp residue may exert a modulating
effect on the Qy absorption property of the LH1 complex [31]. There-
fore, the 1675 cm−1 band can be putatively assigned to the νC_O
modes of the C13-keto groups interacting with the LH1 β-Trp−8 res-
idue. The LH1 complex from Tch. tepidum actually exhibited a band
at 1675 cm−1, which is 6 cm−1 higher than the corresponding
band in the LH1 complex from Alc. vinosum, indicating the relatively
weak interaction of the C13-keto groups with the LH1 β-Trp−8 in
Tch. tepidum compared to that in Alc. vinosum. The recent 3D model-
ing of strain 970 also indicated the hydrogen bonding of β-Trp−8
with the C13-keto group, whereas this is not the case in Trv. wino-
gradskyi [11]. These results support the idea that LH1 β-Trp−8 par-
ticipates in the hydrogen-bonding network to modulate the ﬁne
alignment of the BChl-a dimers, which is one of the factors respon-
sible for the unusual LH1 Qy red-shifts of Tch. tepidum and strain
970. However, this model cannot explain that the C13-keto νC_O
frequency of Tch. tepidum is higher than that of Alc. vinosum because
the LH1 BChl-a molecules of Alc. vinosum cannot form a hydrogen
bond with the β-Phe−8 residue (Fig. S3) unless the distortion of
the bacteriochlorin rings or an alternative interaction mode is in-
volved. Another possible candidate for the hydrogen-bonding part-
ner of the C13-keto group is the residue with a polar side chain at
the −10 position of β-polypeptides. Alternatively, it is also conceiv-
able that a direct comparison of the BChl–protein interaction be-
tween different species is inappropriate. In the LH2 complexes, one
C13-keto group is strongly hydrogen bonded to the LH2 polypep-
tides in Rba. sphaeroides [22], whereas hydrogen bonding to the
C13-keto groups was not indicated on any of the B850 molecules
in Rhodoblastus acidophilus [23], suggesting the different chemical
and/or structural nature of the backbone environment around the
BChl-a dimer among the species. In this regard, the biosynthetic
metal substitution in Tch. tepidum is valuable for comparing the
BChl–protein interactions of the LH1-RC complexes with different
Qy absorption properties under identical backbone environments,
as discussed below.
4.2. Effects of metal cations on the interaction between BChl-a and
LH1 polypeptides
The present NIR Raman study using the Sr2+ variant from Tch.
tepidum revealed that the strength of the hydrogen bonding between
the BChl-a molecules and LH1 αβ-polypeptides decreased in the
C3-acetyl C_O group but slightly increased in the C13-keto C_O
group when Ca2+ was replaced with Sr2+ in vivo. This provides
direct evidence that metal cations modulate the BChl–protein inter-
action modes, which are closely related to the unusual LH1 Qy tran-
sition energy of Tch. tepidum. Based on the previous 3D modeling
[31] and the above discussion, a possible assignment for the
hydrogen-bonding partners of BChl-a molecules is LH1 α-Trp+10
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Tyr−10 for the C13-keto C_O groups. The former residues are in-
volved in the putative Ca2+-binding sites composed of Asp residues
at positions +7, +12, and +13 in the C-terminal region of the LH1
α-polypeptide [18,31,32]. The metal-induced structural changes at
the C-terminal region may modify the BChl-a conformation through
the hydrogen-bonding network, which may be partly responsible
for the unusual Qy position of LH1-RC complexes from Tch. tepidum.
In contrast, the latter residue for the C13-keto C_O group is far
from the putative binding site; therefore, its interaction with BChl-
a was only slightly modiﬁed by the metal substitution, possibly
through the hydrogen-bonding network. However, a previous den-
sity functional theory calculation of methyl BChl-a predicted that
the C_O stretching modes of the C131-keto and C132-acetyl groups
are intimately coupled with each other, which may inﬂuence the
Raman activity of these modes [37]. Therefore, we cannot exclude
the possibility that the 1675 to 1673 cm−1 bands include the con-
tribution of both C131-keto and C132-acetyl groups and that the ob-
served difference between B915 and B888 species arises from the
changes in the Raman activities of the distinct preresonance states.
The C3-acetyl and C13-keto C_O stretching bands were almost
identical between the metal-depleted forms (B870 and B880) and be-
tween Ca2+-bound forms (B908 and B915), despite the clear differ-
ences in their LH1 Qy peak positions. Based on the effects of metal
cations on the LH1 Qy peaks, it was proposed that the B888 and
B915 complexes are not compatible through the simple exchange of
metal cations and that additional factors are responsible for the dif-
ferences between the two species [33]. However, the present Raman
study provides evidence that the hydrogen-bonding interaction
modes between the BChl-a dimers and LH1 polypeptides were almost
identical between B870 and B880 and between B908 and B915, and
that an alternative origin besides hydrogen bonding might be respon-
sible for the differences in their Qy transition energies. This view was
supported by the small but distinct differences in the DSC denaturing
temperatures between B870 and B880 and between B908 and B915
(Fig. 5). Furthermore, signiﬁcant differences were observed between
the Qy band and the C3-acetyl C_O band in their recovery rates
after the addition of Ca2+ to the B870 complex (Fig. 4). These results
support the idea that B870 and B908 derived from B888 species in-
clude some structural alterations that are not reﬂected in the BChl–
protein interactions but are potentially responsible for the differences
in the Qy absorption property and the thermal stability between B870
and B880 and between B908 and B915. One of the possible explana-
tions for the differences between B888 and B915 species is some ge-
netic modiﬁcation in the LH1 genes because the Qy absorption
properties of peripheral LH2 complexes were reported to be modiﬁed
by the heterogeneity of the composition of the αβ-polypeptide
[39,40]. However, such modiﬁcations are unlikely to be involved at
least in the putative hydrogen-bonding network between BChl-a
and the LH1 polypeptides when taking into account the signiﬁcant
mutation effects on the Raman spectra in Rba. sphaeroides [27,29]. A
recent comparative study on Rba. sphaeroidesmutants in combination
with excitonic calculations proposed that changes in the absorption
spectra can be interpreted as changes in hydrogen bonding and in
some structural changes arising from rotations of the C3-acetyl
group [29]. Such structural alterations are possible to detect in the
present Raman spectra as changes in the band position and/or
the relative band intensity of C3-acetyl/C13-keto νC_O modes. In-
terestingly, among several mutants of Rba. sphaeroides, only one
mutant in which LH1 α-Leu44 was changed to Phe left the
hydrogen-bonding arrangement undisturbed despite a signiﬁcant
blue-shift of 5 nm in Qy absorption [29]. The relationship between
the wild-type Rba. sphaeroides and the LH1 Leu44Phe mutant in
terms of the Qy position and the hydrogen-bonding interactions
seems very similar to that between B915 and B908 and between
B880 and B870 in Tch. tepidum. This relationship may support theidea that these differences are solely attributable to some structural
alteration that is not involved in the hydrogen-bonding interactions
between BChl-a molecules and the LH1 polypeptides. Based on a
domain-swapping study between LH1 and LH2 complexes of Rba.
sphaeroides, it was suggested that the α-Trp+11 residue in the C-
terminal domain of the LH1 α-polypeptide incorporated into LH2
may inﬂuence the absorption properties of B850 BChl molecules,
resulting in the formation of a new red-shifted component [41].
Therefore, a potential candidate for the modiﬁcation in the B888
species may be the C-terminal domain of the LH1 α-polypeptides,
and further studies targeting this region are in progress.
In conclusion, the present NIR Raman study demonstrated that
metal cations modulate the hydrogen-bonding interaction between
BChl-a molecules and LH1 αβ-polypeptides using the intact LH1-
RC complexes from wild-type and Sr2+-substituted Tch. tepidum as
well as their metal-depleted and metal-substituted forms. Interest-
ingly, the hydrogen-bonding interactions were almost identical be-
tween metal-depleted forms (B870 and B880) and between Ca2+-
bound forms (B908 and B915), despite the signiﬁcant differences
in their LH1 Qy peak positions and DSC denaturing temperatures.
Based on the results, it was suggested that the hydrogen-bonding
interaction between BChl-a and LH1-polypeptides is not the abso-
lute factor and some structural origin may be partly responsible
for the unusual Qy red-shift and the enhanced thermal stability of
the LH1-RC complex from Tch. tepidum.
Appendix A. Supplementary data
Supplementary data to this article can be found online at doi:10.
1016/j.bbabio.2012.03.016.
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